The microbial communities of in situ reactor columns degrading benzene with sulfate as an electron acceptor were analyzed based on clone libraries and terminal restriction fragment length polymorphism fingerprinting of PCR-amplified 16S rRNA genes. The columns were filled with either lava granules or sand particles and percolated with groundwater from a benzene-contaminated aquifer. The predominant organisms colonizing the lava granules were related to Magnetobacterium sp., followed by a phylotype affiliated to the genera Cryptanaerobacter/ Pelotomaculum and several Deltaproteobacteria. From the sand-filled columns, a stable benzene-degrading consortium was established in sand-filled laboratory microcosms under sulfate-reducing conditions. It was composed of Delta-and Epsilonproteobacteria, Clostridia, Chloroflexi, Actinobacteria and Bacteroidetes. The most prominent phylotype of the consortium was related to the genus Sulfurovum, followed by Desulfovibrio sp. and the Cryptanaerobacter/Pelotomaculum phylotype. The proportion of the latter was similar in both communities and significantly increased after repeated benzene-spiking. During cultivation on aromatic substrates other than benzene, the Cryptanaerobacter/Pelotomaculum phylotype was outcompeted by other community members. Hence, this organism appears to be specific for benzene as a growth substrate and might play a key role in benzene degradation in both communities. Based on the possible functions of the community members and thermodynamic calculations, a functional model for syntrophic benzene degradation under sulfate-reducing conditions is proposed.
Introduction
Aromatic hydrocarbons such as benzene, toluene, ethylbenzene and xylenes (BTEX) make up a significant percentage of gasoline. They are toxic and, due to their relatively high water solubility and volatility, mobile in the saturated and vadose zone of an aquifer. Benzene is the most mobile and most toxic BTEX compound (Aksoy, 1985) . All BTEX compounds are easily biodegraded under oxic conditions by ubiquitous bacteria (van Agteren et al., 1998) . However, due to the low water solubility and rapid microbial consumption of oxygen, contaminant plumes become generally anoxic. Anaerobic benzene degradation was observed in laboratory enrichment cultures under methanogenic (Vogel & Grbic-Galic, 1987; Kazumi et al., 1997) , nitrate-reducing (Nales et al., 1998; Burland & Edwards, 1999) , iron-reducing (Lovley et al., 1996; Kazumi et al., 1997; Nales et al., 1998; Jahn et al., 2005; Botton & Parsons, 2006; Kunapuli et al., 2007) and sulfate-reducing conditions (Edwards & GrbicGalic, 1992; Lovley et al., 1995; Phelps et al., 1996; Kazumi et al., 1997; Nales et al., 1998; Phelps & Young, 1999; Vogt et al., 2007; Musat & Widdel, 2008) . Nevertheless, benzene is considered the most recalcitrant of all BTEX compounds, as the majority of laboratory and field studies failed to demonstrate anaerobic benzene degradation (Aronson & Howard, 1997; Johnson et al., 2003) . Results from microcosm studies suggest that anaerobic benzene degraders are not ubiquitous in subsurface sediments (Kazumi et al., 1997; Nales et al., 1998; Weiner & Lovley, 1998; Phelps & Young, 1999) . Recently, pure cultures of benzene-metabolizing, facultatively anaerobic nitrate reducers were isolated (Kasai et al., 2006) . However, most sulfate-reducing or methanogenic benzenedegrading enrichment cultures were still phylogenetically diverse after cultivation for many years (Phelps et al., 1998; Ulrich & Edwards, 2003) . This suggests that under strictly anoxic conditions, benzene is degraded by consortia rather than by single organisms. The biochemical pathway of anaerobic benzene degradation is currently not elucidated (Caldwell & Suflita, 2000; Ulrich et al., 2005) .
We studied benzene degradation in an anoxic BTEXcontaminated aquifer polluted by a former hydrogenation and benzene production plant, where sulfate is the main electron acceptor. Previously, in situ benzene degradation was demonstrated and quantified at the site by compoundspecific stable isotope fractionation analysis (Vieth et al., 2005; Fischer et al., 2007) . Additionally, stable benzenedegrading enrichment cultures were established under sulfate-reducing conditions using material from in situ microcosms (Herrmann et al., 2008) or benzene-degrading columns as inoculum . These columns were percolated with sulfidic groundwater from the site containing benzene as the main source of carbon and energy. The fill material of the columns consisted of sand particles or lava granules, two materials with distinctly different physico-chemical properties. In both sand-and lava-filled columns, benzene was mineralized with sulfate as an electron acceptor, as demonstrated by calculation of mass balances for benzene, sulfate and bicarbonate. The benzene degradation rate was on average twice as high in the sandfilled columns (up to 36 mM day À1 ) as compared with the lava-filled columns (up to 18 mM day À1 ) .
Here, we investigated the phylogenetic composition and dynamics of the benzene-degrading bacterial communities colonizing both fill materials, in order to elucidate the structure and function of these communities. Microorganisms colonizing the lava granules from the columns were analyzed whereas the sand particles from the columns were used as the inoculum for laboratory microcosms and subsequently analyzed by cloning and sequencing of 16S rRNA genes. After shifting the microcosms on other substrates representing potential intermediates, alterations of the community composition were analyzed by community fingerprinting. Our study aimed at identification of key organisms involved in anaerobic benzene degradation and elucidation of their possible interactions.
Materials and methods

Description of the field site
The contaminated aquifer examined is located on the site of a former coal hydrogenation and benzene production plant near Zeitz (Saxony-Anhalt, Germany). The main contaminant is benzene, which reached the aquifer by several leakages and accidents during the operation of the plant between 1960 and 1990. Benzene concentrations are as high as 13 mM in the source zone. At the site, an upper and a lower aquifer are separated by a lignite and a clay layer. Both aquifers are heterogeneous and hydrogeologically connected due to discontinuities of the lignite-clay layer. The aquifer matrix is composed of river gravel and sand sediments, which contain more than 95% quartz. Both aquifers are anoxic, and sulfate is the main electron acceptor (Vieth et al., 2005) . Natural attenuation (NA) processes proceeding in the upper aquifer have been investigated intensively during the past couple of years (Vieth et al., 2005; Fischer et al., 2006 Fischer et al., , 2007 Schirmer et al., 2006; Stelzer et al., 2006; Alfreider & Vogt, 2007) . Gödeke et al. (2006) showed by means of a reactive tracer test that toluene is oxidized with sulfate as an electron acceptor in the lower aquifer downstream of the source zone.
In order to investigate the anaerobic benzene bioremediation potential of the lower aquifer, two column systems consisting of four columns connected in series (25 cm diameter and 6 m length, each) were set up at an experimental plant in 2002, and continuously percolated with anoxic, sulfidic groundwater from the lower aquifer. One set of four columns was filled with sand and the other one with lava granules. The sand was taken from a nearby aerobic sand pit and sieved before use, resulting in a grain size between 2 and 3.15 mm. The lava is a volcanic rock from the Eifel under-saturated with silicon oxide. The percolating groundwater contains on average 300 mM benzene. Toluene, ethylbenzene and xylenes are present in trace amounts ( 1 mM). Furthermore, 4 mM sulfate, 300 mM sulfide, 120 mM ammonium, 5 mM orthophosphate, 150 mM potassium, 2.3 mM magnesium, 2.2 mM sodium and 6.1 mM calcium are present. A more detailed description of the column system was given by Vogt et al. (2007) .
Cultivation and sampling of the benzenedegrading consortium ZzBs1-4
Microcosms were set up in 240-mL serum bottles (Glasgerätebau Ochs GmbH, Bovenden, Germany) inside a glove box (Coy Laboratory Products Inc.) containing an atmosphere of 95% nitrogen and 5% hydrogen. Each bottle was filled with 110 mL of sand particles taken from the sandfilled columns of the in situ reactor and filled with anoxic mineral salt medium described elsewhere to a total volume of c. 235 mL. Benzene (0.3 mM), phenol (0.3 mM), toluene (0.3 mM) or benzoate (1 mM) was added as sources of carbon and energy from stock solutions prepared in anoxic demineralized water. For each substrate two replicates were set up. Furthermore, two controls were prepared without a substrate. Sterile controls were set up using the same bottles and volumes of sand particles and medium. They were autoclaved three times at intervals of at least 24 h. Then the medium was exchanged by fresh medium and the substrates were added at the concentrations given above.
By default, growth was monitored by weekly determination of sulfide and substrate concentrations. Degradation rates were determined for the cultures used for terminal restriction fragment length polymorphism (T-RFLP) analyses. For this purpose, sulfide and substrate concentrations were measured twice a week. When a substrate was completely degraded, it was replenished at the concentrations mentioned above. When the sulfide concentration exceeded 4 mM, the medium was removed and exchanged by fresh medium. The microcosms were incubated statically at 22 1C in the dark outside of the glove box.
Chemical analyses
Sulfide was determined spectrophotometrically according to Cline (1969) 
Thermodynamic calculations
Changes in Gibbs free energy ðDG 0 0 Þ were calculated from the data of Thauer et al. (1977) . DGf 0 298 values for benzene and benzoate were taken from Kaiser & Hanselmann (1982) .
DNA preparation, 16S rRNA gene cloning and sequencing DNA was extracted according to Maher et al. (2001) directly from the sand and lava granules. Agarose gel electrophoresis and spectrophotometry were used for quality check and quantification. Bacterial 16S rRNA gene fragments were PCRamplified and cloned as described elsewhere (Kleinsteuber et al., 2006) using the universal primers 27F and 1492R (Lane, 1991) . Clone libraries were screened by amplified ribosomal DNA restriction analysis (ARDRA) with HaeIII and hierarchical cluster analysis of the ARDRA patterns as described by Kleinsteuber et al. (2006) . Partial DNA sequencing of representative clones was performed using the BigDye RR Terminator AmpliTaq FS Kit 1.1 (Applied Biosystems, Weiterstadt, Germany) and the sequencing primers 27F and 519R (Lane, 1991) . For almost complete sequencing of selected clones, sequencing primers 27F, 357F, 530F, 926F, 1114F, 519R, 1100R and 1492R (Lane, 1991) were used. Capillary electrophoresis and data collection were carried out on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). Data were analyzed using ABI PRISM DNA SEQUEN-CING ANALYSIS software, and 16S rRNA gene sequences were assembled by ABI PRISM AUTOASSEMBLER software. The BLASTN tool (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990) was used to search for similar sequences in the GenBank database, and the Seqmatch tool was used to search for similar sequences compiled by the Ribosomal Database Project -II Release 9.4 (http://rdp.cme.msu.edu) (Cole et al., 2005) . The phylogenetic analysis was accomplished with ARB software, version Linux Beta 030822 (http://arb-home. de) (Ludwig et al., 2004) . The determined sequences were initially aligned to the SILVA SSURef database Release 90 (www.arb-silva.de) (Pruesse et al., 2007) by the ARB Positional Tree Server and added to the SILVA tree using the Quick Add Parsimony tool and applying a Bacteria-specific filter. The alignment was verified by comparison with the next relative sequences and corrected manually. The final position within the ARB tree and bootstrap values were calculated by the Parsimony Interactive tool.
The determined 16S rRNA gene sequences were deposited in the GenBank database under accession numbers EF613368-EF613487.
T-RFLP analyses
Bacterial 16S rRNA gene fragments were PCR-amplified with the primers 27F-FAM (labeled at the 5 0 end with phosphoramidite fluorochrome-5-carboxyfluorescein) and 1492R (Lane, 1991) . Oligonucleotides were purchased from MWG Biotech (Ebersberg, Germany) or from biomers.net (Ulm, Germany). PCR was performed in 25 mL samples containing 3 mL of 1 : 100 diluted template DNA (equivalent to 1-2.5 ng), 5 pmol of each primer and 12.5 mL Taq Master Mix (Qiagen, Hilden, Germany). PCR cycle conditions were as decribed previously (Kleinsteuber et al., 2006) . PCR products were purified using the Wizard s SV PCR CleanUp System (Promega, Mannheim, Germany) and quantified after agarose gel electrophoresis and ethidium bromide staining using the GENETOOLS program (Syngene, Cambridge, UK). Purified PCR products were digested with the restriction endonucleases AluI, BstUI, HaeIII or RsaI, respectively (New England Biolabs, Schwalbach, Germany). A 10 mL reaction contained 2.5 ng DNA (for T-RFLP analyses of single clones) or 20 ng DNA (for T-RFLP analyses of the whole consortium) and 10 U of restriction enzyme. Samples were incubated at the appropriate temperature for 3 h and then precipitated with sodium acetate (pH 5.5) and ethanol. Dried DNA samples were resuspended in 20 mL HiDi formamide containing 1.5% (v/v) GeneScan-500 ROX standard (Applied Biosystems). Samples were denatured at 95 1C for 5 min and chilled on ice. The fragments were separated by capillary electrophoresis on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems). The lengths of the fluorescent terminal restriction fragments (T-RF) were determined using the GENEMAPPER V3.7 software (Applied Biosystems), and their relative peak areas were determined by dividing the individual T-RF area by the total area of peaks within the threshold of 50-500 bp. Only peaks with relative fluorescence intensities of at least 50 U were included in the analysis. Theoretical T-RF values of the dominant phylotypes represented in the clone library were calculated based on the determined partial 16S rRNA gene sequences using the NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/ index.php), and the calculated T-RF values were verified experimentally using the corresponding clones as templates. The relative T-RF abundances of representative phylotypes were determined based on the relative peak areas of the corresponding T-RF.
Results
Bacterial community associated with lava granules
The lava granules were taken from a column in which benzene is mineralized with sulfate as an electron acceptor . A 16S rRNA gene clone library of 814 clones was generated from DNA isolated from the lava granules and screened by ARDRA fingerprinting. Based on a hierarchical cluster analysis, 29 clones representing eight dominant operational taxonomic units (OTUs) were selected for partial sequencing. The numbers of clones representing the identified phylotypes (i.e. displaying identical ARDRA patterns) were recorded using a Phoretix database that has been set up from the ARDRA patterns. In total 31% of the clones were assigned. The phylogenetic composition of the consortium according to these data is shown in Fig. 1 . The dominant phylotype comprising 18.2% of all clones was a member of the genus Magnetobacterium (phylum Nitrospira). The second-most prominent phylotype with a proportion of 6.1% (Fig. 1 ) was a clostridium belonging to the Desulfotomaculum cluster I of the Peptococcaceae, which also comprises the genera Cryptanaerobacter and Pelotomaculum. The phylogenetic position of the clostridial clones within the Desulfotomaculum cluster I is illustrated in Fig. 2 . Deltaproteobacteria were found in low frequency, with only 2.3% of all clones belonging to the genus Desulfobacca and 1.7% belonging to the genus Syntrophus (Fig. 1 ). The phylogenetic relationship of these sequences with other Deltaproteobacteria is shown in Fig. 3 . According to the phylogenetic analyses using the ARB program, the other identified phylotypes comprising only minor proportions of the clone library were affiliated to the phyla Chloroflexi, Chlorobi and Fusobacteria (data not shown).
Bacterial community derived from sand microcosms
Several anaerobic benzene-degrading enrichment cultures (named ZzBs1-4) were established under sulfate-reducing conditions in laboratory microcosms using sand particles as inoculum taken from the benzene-degrading column system described elsewhere . As shown in Fig. 4 , 0.24 mM benzene was consumed within 1100 h (46 days) coupled with sulfide production. It was not possible to grow a sediment-free culture of ZzBs1-4; instead, the cells were attached to the sand particles as confirmed by microscopic observation. After the cells were detached by pyrophosphate or gentle mechanical treatment, the cultures no longer degraded benzene (data not shown). A 16S rRNA gene clone library of 1121 clones was generated from the consortium. Based on the cluster analysis of ARDRA patterns, 91 clones representing 36 OTUs were partially sequenced. The numbers of clones displaying identical ARDRA patterns were recorded with the PHORETIX program; as a result, about 51% of the clones were assigned. The phylogenetic composition of the consortium is shown in Fig. 1 . In contrast to the clone library derived from the bacterial community associated with the lava granules, the most dominant phylotype of the sand consortium clone library with 14.7% of all clones was an Epsilonproteobacterium related to the genus Sulfurovum, followed by Desulfovibrio with 10.5%. The phylogenetic position of the Desulfovibrio sequences and other deltaproteobacterial sequences is shown in Fig. 3 . The third prominent phylotype in the clone library with a proportion of 6.5% was the member of the Cryptanaerobacter/Pelotomaculum that had also been found on the lava granules (Fig. 2) . The remaining phylotypes identified in the clone library of ZzBs1-4 were assigned to several Deltaproteobacteria (see Fig. 3 ) and to the Actinobacteria (Coriobacteriaceae, Rubrobacteraceae, Cellulomonadaceae), Chloroflexi, Bacteroidetes (Sphingobacteriaceae), Clostridia (Acetivibrio), Epsilonproteobacteria (Campylobacteraceae), Chlorobi, Caldithrix and the candidate phyla OP3, OP8, OP11 and WS1 (data not shown).
The phylogenetic composition of the consortium derived from the ARDRA patterns was verified by T-RFLP analysis applying three different restriction enzymes. As shown in Fig. 5 , the T-RFLP analysis confirmed that the most dominant phylotype was the Sulfurovum-like organism, which was even under-represented in the clone library. The relative T-RF abundances of several Deltaproteobacteria were also higher than the percentages of these phylotypes according to the clone library. This bias might be explained by the use of different restriction enzymes and by the different phylogenetic resolution of ARDRA and T-RFLP analysis. As ARDRA relies on all restriction sites within the 16S rRNA gene amplicon, it also distinguishes highly similar but not identical sequence types, leading to an underestimation of phylogenetic groups with high micro-heterogeneity. Nevertheless, the proportion of the Cryptanaerobacter/Pelotomaculum phylotype was consistently determined to be 5% and 7% with both methods.
Community dynamics of consortium ZzBs1-4 upon shifts to different aromatic substrates
Besides benzene, the consortium derived from sand columns degraded toluene, all xylene isomers, phenol, benzoate or acetate if added as single substrates, coupled with the production of sulfide (data not shown). Benzoate, phenol and toluene are putative intermediates of the anaerobic degradation pathway(s) of benzene. For this reason, we set up microcosms spiked repeatedly with either benzene, phenol, benzoate or toluene as the sole source of carbon and energy and monitored the developing community compositions. All compounds were degraded under sulfatereducing conditions (Fig. 4) . No sulfide was formed in the absence of substrates, and no substrate depletion was observed in the sterile controls (data not shown). The stoichiometry of oxidized substrate and produced sulfide indicated that phenol was mineralized. For benzene and benzoate as substrates, sulfide production was slightly lower than expected for complete substrate oxidation; for toluene, which had been added at the lowest concentration, no production of sulfide was observed. However, care must be taken when interpreting the stoichiometries of the oxidized substrate and sulfide produced in our microcosms, because sulfide can precipitate as FeS or Fe 2 S coatings on sand particles, as observed previously (Herrmann et al., 2008; Vogt et al., 2007) . Benzene was degraded at a rate of 5.22 mM day
À1
. Benzoate and phenol were degraded considerably faster at rates of 33.68 and 17.5 mM day
, respectively. Likewise, toluene was depleted faster than benzene (7.1 mM day
). After 120 and 270 days of cultivation on the different substrates, DNA was extracted from the sand material and used for T-RFLP analyses to assess changes in the phylogenetic composition of the consortium due to the degradation of the different carbon sources. As shown in Fig. 6 , the Cryptanaerobacter/Pelotomaculum phylotype decreased in its relative T-RF abundance after cultivation on toluene, benzoate and phenol, and significantly increased when benzene was used as a substrate. The relative T-RF abundances of the Sulfurovum-like phylotype were also higher with benzene compared with the other substrates. Members of the Desulfobacteraceae became more dominant when benzoate, phenol and toluene were used as substrates. Furthermore, a larger proportion of other phylotypes (T-RF that were not assigned) was present in the cultures grown on benzoate, toluene or phenol, compared with the culture grown on benzene. It therefore appeared that the Cryptanaerobacter/Pelotomaculum-and Sulfurovum-like phylotypes were outcompeted by other groups when shifted from benzene to other aromatic substrates, whereas the Cryptanaerobacter/Pelotomaculum phylotype was further enriched after prolonged cultivation on benzene (270 days).
Discussion
Community composition and implications for syntrophic benzene degradation under sulfatereducing conditions Despite their common origin from a benzene-contaminated aquifer and their shared ability to degrade benzene with sulfate as an electron acceptor at comparable rates , bacterial communities established on sand particles and lava granules differed remarkably. The only phylotype present in similarly substantial proportions on both materials (Figs 1 and 6 ) was a member of the Cryptanaerobacter/Pelotomaculum group. Sequences retrieved from both the lava granules and the sand consortium ZzBs1-4 are highly similar and form a distinct cluster within Desulfotomaculum cluster I (Fig. 2) . The cultivated species of the genera Pelotomaculum and Cryptanaerobacter are syntrophic, heterotrophic bacteria, which live closely associated with hydrogen-consuming organisms (interspecies hydrogen transfer). Some of them were shown to degrade aromatic compounds like benzoate, phenol or phthalate (Qiu et al., 2003 Juteau et al., 2005) . In contrast to members of the related genus Desulfotomaculum, Pelotomaculum and Cryptanaerobacter species do not use sulfate as an electron acceptor. It has been hypothesized that these genera, also termed Desulfotomaculum subcluster Ih, have lost their ancestral ability of sulfate respiration as they adopted a syntrophic lifestyle to thrive in methanogenic environments . Assuming that the Cryptanaerobacter/ Pelotomaculum phylotype detected in the lava-and sandassociated communities has conserved the ability to reduce sulfate, it might be able to oxidize benzene completely. Although we cannot rule out this possibility altogether, it appears rather unlikely considering the communities' composition. As explained below, we suggest that this Pelotomaculum/Cryptanaerobacter-like phylotype represents a syntrophic organism responsible for the initiation of the observed anaerobic benzene degradation.
The dominant phylotype in the clone library generated from the lava granules was a member of the Nitrospira phylum related to the genus Magnetobacterium. Because most relatives described hitherto are environmental clones that have not been cultivated so far, the possible physiological function of the Magnetobacterium-like phylotype in the lava community remains unknown. The closest relatives are environmental clones retrieved from sulfate-containing wetlands (Acc. nos. DQ137961, DQ137982), a forested wetland impacted by reject coal (Brofft et al., 2002) and a PCBcontaminated salt marsh sediment (Acc. no. AF286037). The next cultured relatives are sulfur reducers of the genus Thermodesulfovibrio. Candidatus 'Magnetobacterium bavaricum' has been suggested to be a chemolithoautotroph with an iron-dependent mode of energy conservation (Spring et al., 1993) . Recently, in a stable isotope probing experiment with 13 C-labeled acetate, Magnetobacterium-like organisms were found to metabolize acetate in a methanogenic sediment (Schwarz et al., 2007) .
The physiological role of the Sulfurovum-like phylotype, which dominated the sand-derived microcosms, is not clear, either. As for the Magnetobacterium group, most sequences found for Sulfurovum relatives stem from environmental clones and not from cultivated species. Members of this genus were often found in sulfidic habitats (Campbell et al., 2006) . A highly similar phylotype was retrieved from a phenol-degrading, methanogenic bioreactor (Zhang et al., 2005) . Besides clones from various sulfidic habitats such as hydrothermal vents, springs and cave streams, a phylotype retrieved from a benzene-mineralizing consortium (Phelps et al., 1998) was also affiliated to this group.
In the clone library from the sand particles, sequences affiliated to several genera of sulfate-reducing Deltaproteobacteria were detected. For most of these phylotypes, related cultivated species have been described (Fig. 3) . The most abundant Deltaproteobacterium belongs to the genus Desulfovibrio, which comprises physiologically versatile sulfate reducers, known for their capability to consume hydrogen very efficiently (Cord-Ruwisch et al., 1988; Bak & Pfennig, 1991) . Hence, Desulfovibrio spp. are typical hydrogenotrophs in syntrophic associations under sulfate-reducing conditions (e.g. Elshahed et al., 2001; Jackson & McInerney, 2002) . Also, Desulfobulbus relatives are generally very versatile and can grow on a wide range of substrates including hydrogen (e.g. Laanbroek et al., 1982; Lien et al., 1998) . Desulfovibrio and Desulfobulbus species are not known for acetate oxidation (incomplete oxidizers). Desulfobacca-like sequences were detected on both sand particles and lava granules. The only described species, Desulfobacca acetoxidans, is specialized on the metabolization of acetate, and can even outcompete acetoclastic methanogens (Oude Elferink et al., 1999) . Furthermore, the occurrence of several sequences related to Desulfuromonas acetexigens in the sand consortium indicates a function in acetate degradation, because D. acetexigens uses exclusively acetate as the sole source of carbon and energy (Finster et al., 1994) . Several phylotypes of the sand consortium were related to Desulfobacterium and Desulfobacula spp. Species of these genera are known to degrade aromatics completely; hence, they are also able to oxidize acetate. Desulfobacteraceae are involved in the degradation of other aromatic substrates used by the sand consortium ZzBs1-4, as reflected by higher relative T-RF abundances after growth on toluene, phenol and benzoate (Fig. 6) . As explained below, we suggest that the mentioned phylotypes affiliated to sulfate-reducing Deltaproteobacteria are mainly responsible for hydrogen and acetate oxidation coupled to sulfate reduction in the course of anaerobic benzene degradation.
Sequences affiliated to the genus Syntrophus were mainly detected in the lava-derived clone library. Syntrophus spp.
have been shown to grow syntrophically on benzoate in coculture with hydrogenotrophic sulfate reducers or methanogens (Mountfort et al., 1984; Elshahed et al., 2001 ), but possibly they are also capable of syntrophic acetate oxidation as shown recently in microcosm experiments with 13 Clabeled acetate (Chauhan & Ogram, 2006) .
Phylogenetic diversity of the lava-and sandassociated consortia compared with other benzene-degrading consortia Bacterial communities of sediment-free benzene-degrading enrichment cultures were examined by several authors. Phelps et al. (1998) and Musat & Widdel (2008) investigated cultures originally enriched from marine sediments under sulfate-reducing conditions. The consortium of Musat & Widdel (2008) consists only of Deltaproteobacteria, and the dominant phylotype is a Desulfobacterium species. The authors postulate that this organism is solely responsible for benzene mineralization in their culture. A clone closely related to this phylotype, named SB-21, had been described before by Phelps et al. (1998) in a sulfate-reducing, benzenedegrading consortium. Ulrich & Edwards (2003) investigated the community structure of a methanogenic consortium originally enriched from the sediment of a contaminated aquifer, which first used sulfate as an electron acceptor before switching to methanogenesis. A Desulfobacterium species and a member of the Peptococcaceae were the dominant phylotypes; however, it was not clear which of both species attacks benzene initially. Recently, Kunapuli et al. (2007) characterized the community structure of a benzene-degrading iron-reducing consortium by stable isotope probing. A member of the Peptococcaceae was shown to assimilate benzene primarily, but also a member of the Desulfobulbaceae and members of the Actinobacteria were prominent, indicating a syntrophic relationship during the course of benzene degradation. Compared with the consortia described above, the sandand lava-associated communities are more diverse and comprise only a small proportion of Desulfobacteraceae. In the consortium ZzBs1-4, the proportion of Desulfobacteraceae increased after the shift from benzene to toluene, phenol or benzoate (Fig. 6) . In contrast to the consortia described above, ZzBs1-4 contains a large proportion of other Deltaproteobacteria like Desulfovibrio, which are not assumed to use aromatic substrates, and other bacteria not known as sulfate reducers. Similarly, in the lava-associated community only a small proportion of Deltaproteobacteria was detected. Except for the Cryptanaerobacter/Pelotomaculum phylotype, both communities are very different in their phylogenetic composition although they were inoculated with the same groundwater. These results form the basis for our hypothesis that benzene is not degraded by single sulfate reducers in the sand-and lava-associated communities, but by syntrophic interactions of several different organisms. We suggest that only one phylotype, originating from the groundwater percolating the column system, can initially attack benzene in our communities. If this phylotype could metabolize benzene completely, one would expect an aromatic-degrading organism using sulfate as an electron acceptor (likely a phylotype related to other typical aromatic-degrading sulfate reducers). Because no other organisms could grow under such circumstances in considerable amounts besides the benzene degrader, the respective phylotype should be dominant (Z50%) in community analyses, as observed for example by Musat & Widdel (2008) but this is not the case in our consortia. Therefore, we postulate that a member of the Cryptanaerobacter/Pelotomaculum group is responsible for the initial attack of benzene in our enrichments. Interestingly, a member of the family Peptococcaceae dominated in the aquifer-derived methanogenic benzene-degrading enrichment culture examined by Ulrich & Edwards (2003) . It might be capable of attacking benzene as well, as postulated recently for a member of the Peptococcaceae in a consortium growing on benzene under iron-reducing conditions (Kunapuli et al., 2007) . Aquifers are rather oligotrophic environments and are characterized by conditions that favor slow-growing organisms with low energy demands. The capability to survive long starvation periods as well as an independence from specific electron acceptors might be favorable. Spore-forming fermenters degrading aromatic compounds in syntrophic association with methanogens, sulfate-reducers or iron-reducers might be indigenous in subsurface sediments and thus predestined to develop in benzene-polluted aquifers, at least in the sulfidic, methanogenic or iron-reducing zones.
Thermodynamic considerations and a functional model for syntrophic benzene degradation under sulfate-reducing conditions
The mineralization of benzene with sulfate as an electron acceptor is thermodynamically favorable as it allows synthesizing up to three ATP at 60 kJ mol À1 (Schink, 1997) :
As reasoned above, we assume that a syntrophic association rather than a single member of our communities mineralizes benzene. Support for the involvement of syntrophic associations in benzene degradation by the consortium ZzBs1-4 emerges from the observation that cell detachment and disaggregation at intensities that commonly do not lead to cell damage resulted in the loss of the communities' ability to degrade benzene.
The initial step of benzene degradation under anoxic conditions might be a methylation, a hydroxylation or a carboxylation reaction (Caldwell & Suflita, 2000; Ulrich et al., 2005) . Benzoate is a very likely central intermediate in the anaerobic degradation pathway of benzene, because all known degradation pathways of aromatics under anoxic conditions are channeled into benzoate or benzoyl-coenzyme A (Widdel & Rabus, 2001; Boll et al., 2002) . Benzoate has also been found in benzene-degrading consortia under ironreducing (Botton & Parsons, 2007) , nitrate-reducing, sulfate-reducing and methanogenic conditions (Caldwell & Suflita, 2000; Ulrich et al., 2005) . However, the conversion of benzene to benzoate is thermodynamically unfavorable.
Hence, a putative anaerobic benzene degrader cannot grow at the expense of reaction (2), but has to oxidize benzoate further to gain energy for ATP synthesis. We assume that acetate and hydrogen are central intermediates at least in the consortium ZzBs1-4, due to the presence of several phylotypes related to acetate-and hydrogen-consuming sulfate reducers, as discussed above. Therefore, we suggest benzene is oxidized according to the following equations: 
The fermentation of benzene to acetate and hydrogen (reaction 3) is thermodynamically not feasible under standard conditions, but becomes exergonic in the case of low hydrogen and acetate concentrations, allowing growth of a putative benzene-fermenting organism. The energy demand of syntrophic bacteria can be very low: for Syntrophus species, ðDG 0 0 Þ of À 5 kJ mol À1 was observed as being sufficient for growth (Jackson & McInerney, 2002) . Acetate and hydrogen are key intermediates during the anaerobic conversion of many organic substrates by the anaerobic food chain; both compounds are readily consumed by different types of anaerobes (Schink, 1997; Zengler et al., 1999) . Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
